Several soil and vegetation samples from the environment of Kaiga nuclear power plant site in the south western region of India were analysed for Po. The vertical pro"le, particle-size distribution, seasonal variation and the dry deposition rate of Po were measured employing the chemical method and } counting technique. Po activity in soil varies from 17.1 to 228.2 Bq kg\ with a mean value of 83.3 Bq kg\. The activity of Po is higher in the surface soil (0}5 cm) and decreases as depth increases to 20 cm and remains nearly constant thereafter. The activity concentration is almost uniform in the grain sizes of 350}177 m and below 177 m. Pterobryopsis tumida (Hook.) Dix, a plant of the moss family, shows a very high level of Po activity * 2724$13 Bq kg\. Seasonal variation studies show elevated levels of Po in vegetation during winter. The annual dry deposition rate of Po was 53.4 Bq m\ yr\.
Introduction
Po occurs widely in nature and is an important component of man's natural radiation background. Its presence in soils may be traced to the decay of radionuclides of the U chain in the soil. This decay leads to the formation of Rn. Rn has a half-life of 3.82 d which allows time for its di!usion from soil to atmosphere. The fraction of Rn escaping into the air can vary in the range of 18}87% depending upon soil type (Parfenov, 1974) . In the atmosphere, Rn decays into Pb and Bi. The radionuclides are no longer in the gaseous form and attach to airborne particles. These airborne particles are then carried back to the earth's surface through fallout resulting in the deposition of Pb and Bi. During the process of fallout, the airborne particles may be intercepted by plants or return to the top soil. In addition to this, Rn can decay in the soil itself leading to the formation of Po in the soil.
The Po content of soil varies with soil type. According to Berger, Erhardth and Francis (1965) , organic soils contain three times as much Po as mineral soils. Ladinskaya (1971) found di!erences between the Po contents of black earth and brown soils. A detailed study conducted by the US Atomic Energy Agency on the Po contents of di!erent types of soils of USA revealed 28.9&58.8 Bq kg\ of Po (USAEC, 1980) . According to Mayneord, Turner and Radley (1960) , approximately 84% of the }activity of plants is due to Po. It is reported that the Po content in plants is the result of the direct deposition of Rn daughters from atmospheric precipitation (Ermolaeva-Makovskaya, 1969; Berger, Erhardth & Francis, 1965; Hill, 1960) . Plants may get radioactive nuclides in two ways (i) by the deposition of radioactive fallout on the plants directly and (ii) by absorption from the soil.
Therefore, a detailed study of Po in soil and other environmental samples of a region constitutes an important aspect which assumes a special signi"cance in the environment of a region chosen for building a nuclear power station, since such a study would help in the impact assessment of the nuclear power plant on the environment. In view of these points, a systematic study has been carried out on Po in soil and vegetation samples of Kaiga (1435108N, 7432640E) and its environs in the south-western part of India, where two nuclear power plants, each of 235 MWe capacity, are under construction. The vertical pro"le of Po in soil, variation of activity with particle size, activity concentration in vegetation, seasonal variation of activity and dry deposition rate were studied.
Materials and methods

Sample collection
Samples of soil and vegetation were collected in the di!erent seasons during May 1997}June 1998. For soil samples, undisturbed level surfaces situated su$ciently away from the public road and buildings were selected. The soil sampling stations are shown in Fig. 1 . About 1 m area was marked and the top layer of the soil which contains vegetation and roots was removed. The soil was then dug down to a depth of 5 cm, mixed thoroughly, and about 2 kg of the soil sample was collected in a polythene bag. In order to study the vertical distribution of radionuclides, samples were collected from di!erent soil depths, viz. 5}10 and 10}25 cm, at all the sampling stations using a conventional augur sampler. At Kaiga School sampling station, samples were collected down to a depth of 70 cm with three more depth intervals viz. 25}40, 40}55 and 55}70 cm. To "nd the di!erence in the activity concentration between cultivated and uncultivated soils, samples were also collected in the cultivated land at Kaiga School, Plantation Site and Dump Yard Gate sampling stations.
For the determination of Po in the vegetation of the Kaiga environment, 11 species were selected. The botanical names of these plant species along with their popular names are given in the "rst column of Table 4 . All the vegetation samples were collected from the Kaiga School sampling station in the monsoon season (August) of 1997. Leaves, branches and bark samples of these species were collected and sealed in separate polythene bags. Leaves well exposed to the atmosphere were collected from the trees. A single composite sample of small and equal quantities of leaves belonging to the same species from the neighboring trees in a particular region was prepared so that this composite sample could be considered as representative of the region. About 2 kg of this sample were collected in polythene bags and fresh weights were determined.
Apart from this, the two most commonly observed tree species of the region, Terminalia Paniculata Roth. and Careya arborea Roxb., were selected to study the seasonal variation in Po activities. The sampling stations selected for the seasonal variation studies are given in the "rst column of Table 5 . Leaf samples of tree species were collected in summer (May, 1997), monsoon (August, 1997) and winter seasons (December, 1997).
Sample processing
All samples were carefully processed following the standard procedure (Volchok & de Planque, 1983) . Soils were well mixed after removing extraneous materials such as roots, mat portions, pieces of stones and gravel. They were then transferred to porcelain dishes and dried in an oven at 1103C till a constant dry weight was obtained. From the fresh and dry weights, the moisture percentages of the samples were determined. The samples were then crushed into "ne powder and sieved through di!erent meshes to obtain di!erent grain sizes. Vegetation samples were dried and powdered and a de"nite weight of the sample was taken for activity measurement.
Activity measurement
The electrochemical deposition method was employed for the determination of Po activity (Khandekar, 1977; Iyengar, Rajan, Ganapathy & Kamath, 1980) . About 20 g of soil was leached with 4 M HNO and then the organic matter present in the sample was destroyed by digestion adding HNO #H O mixture in small increments to get a white residue. The sample was then converted into 0.5 M HCl medium and Po in the solution was deposited onto a silver disc shaking at 973C for 6 h. The silver disc -activity was then counted using a ZnS(Ag) detector of 32% counting e$ciency. In the case of vegetation, dried samples were digested directly with HNO #H O mixture and converted into 0.5 M HCl medium. Po was then deposited onto a silver disc and counted in the same way.
The average chemical recovery of Po by this method was 94$2%. All the samples were processed and analysed within 20 d from the date of collection.
Determination of dry deposition rate of Po
In order to determine the dry deposition rate of Po, dry fallout samples were collected during the period May}June, 1998. Four surrogate collectors (Al trays of 1 m area and 5 cm depth) were exposed in the open "eld at Kaiga. The collectors were kept 2 m above the ground level to avoid any soil particles being thrown onto the collector from the ground (Volchok & de Planque, 1983; Anand & Rangarajan, 1990) . Two sets of trays were kept at each sampling station which are 4 km apart. A layer of grease was maintained to prevent the loss of deposited aerosols by breeze. The trays were exposed for a period of 40 d. At the end of the collection period, the trays were washed with distilled water and the washings were collected separately. Once washing was over, the samples were acidi"ed with a few drops of 8 M HCl. Samples were "rst evaporated and then subjected to electrochemical separation in the way described before and the Po activity was measured. From the measured values, the average annual Po deposition per m was estimated. For the purpose of comparison, two surrogate collectors were also exposed simultaneously in the premises of Mangalore University Campus and were processed similarly. Table 1 gives the results for Po activity in soil samples at three di!erent depths (0}5, 5}10 and 10}25 cm). Results are presented in zones, viz. 8 km, 16 km and 32 km zones along with the respective mean values of activity concentration. The range, mean, median, standard deviation and the coe$cient of variance for the entire study region are presented at the bottom of the table.
Results and discussion
Activity of Po in soil
It can be observed from Table 1 that the Po activity in surface soils (0}5 cm depth) collected from the 8 km zone (Kaiga plant site region) fall within $20% of the respective mean value (111.2 Bq kg\) and, consequently, the distribution of Po may be regarded as nearly uniform in the surface soil of the 8 km zone. The surface soils collected from the 16 km zone and the 32 km zone show wide variation in their Po activities and their respective mean values are lower than the mean value for the 8 km zone.
It is interesting to note from Table 1 that the Po concentration decreases with increasing soil depth in all the sampling stations. To study the variation of Po activity in deeper layers of the soil ('25 cm), samples were collected up to a depth of 70 cm with 3 more depth intervals, 25}40, 40}55 and 55}70 cm, from the Kaiga School sampling station and analysed. The results are plotted in Fig. 2 . A sharp decrease in the activity is observed with increasing depth down to 20 cm, remaining constant thereafter. This observation shows that the main source of Po in surface soil is from the deposition of Rn daughters. The results also indicate that Po which is deposited on the soil from the atmosphere is able to move down to a maximum depth of about 20 cm in the soils of the Kaiga environs. The activity in the deeper layers is purely due to the decay of Rn and its daughters in the soil itself.
To "nd the di!erence in Po activities between the forest soil and the surrounding cultivated soil, samples were also collected from the cultivated land of Kaiga school, plantation site and dump yard gate and analysed. The samples from the cultivated soil (0}5 cm depth) showed signi"cantly lower activity (21.8$1.3 Bq kg\ at plantation site, 38.7$1.6 Bq kg\ at Dump yard gate and 53.5$2.1 Bq kg\ at Kaiga school) as compared to the forest soil which are shown in Table 1 . The lower activity in the cultivated soils may be attributed to the mixing of soil during the cultivation process and also to the washout of Po from the surface soil. Reduction in the activity of World range Parfenov (1974) Po in the upper soil strata has been reported by Schuttelkopf and Kiefer (1982) . Also, the forest soil is covered with a layer of dead leaf litter and other decayed matter which prevents the surface soil from being exposed to weathering. In Table 2 the results of Po activity in the soils of Kaiga environs are compared with the literature values reported for other environs. From Table 2 it is clear that the Po concentration in Kaiga soil is higher than in the samples from other Indian environs and also in the samples from the United States of America. The Po activity of Kaiga soil is also high when compared to the results reported for samples from some of the high background areas of CIPC, Brazil and the Black Forest of Germany. The activities in some soil samples of Kaiga exceed the world range.
All the soil samples were also analysed for Ra by }ray spectrometry employing a 90 cm HpGe detector. The Ra activity was found to be normal (varying in the range 15.5}61.2 Bq kg\ with a mean value of 34.3 Bq kg\) in the Kaiga region. The details of the measurement and results are published elsewhere (Karunakara, Avadhani, Mahesh, Somashekarappa, Narayana and Siddappa, 1998). The study also showed that there exists no correlation between the activities of Ra and Po, suggesting higher atmospheric deposition of Rn daughters. The higher deposition could be due to the special geographical terrain of the Kaiga region. The region (especially in the 8 km zone) is surrounded by hills on all sides and is just like a bowl with Kaiga being at the bottom of the bowl. The hills and dense forest surrounding on all sides may just be acting as a trapping bowl for the aerosols. Table 3 presents the results for the Po concentrations in di!erent grain sizes of the soil samples from the Kaiga environs. It is evident that the Po activity #uctuates around the mean value for all the three grain sizes and there is no de"nite correlation with the grain size of the soil. The results con"rm the "ndings of the depth pro"le studies (Table 1) , viz. the activity is highest in the surface soil and decreases with increasing depth.
Po activity in plants
Nine predominant plant species, 1 orchid and 1 moss species from the Kaiga environs were analysed for Po activity. These species were selected depending on the surface area of their leaves. The average surface area per leaf varies from 1 to 1000 cm. All the samples were collected in the monsoon season (August) of year 1997 from the Kaiga School sampling station. Further, all species selected for the present study, except the orchid and moss, have similar growth habits like weathering and shedding in the same season. The results are presented in Table 4 .
It is observed that the leaves exhibit the highest activity. In branch and bark parts, the activity is signi"cantly lower and is almost the same amongst the di!erent plants species. Since leaves are directly exposed to the natural fallout, the observed high activity concentration proves the higher contribution of atmospheric precipitation to the Po activity. An attempt was made to "nd the correlation between the Po concentration in leaves and their surface area. The relation between the leaf surface area and the Po activity is shown in Fig. 3 . The correlation coe$cient is found to be 0.83 which is signi"cant at 95% con"dence level. Numerous reports have demonstrated that fallout radionuclide concentrations in plants are from materials deposited directly upon, entrapped by, or absorbed by their exposed aerial surfaces (Osburn, 1965; Hill, 1965) . According to Parfenov (1974) , the content of Po in a plant depends mainly on its leaf surface area. Also, Santos, Gouvea, Dutta and Gouvea (1990) reported that the parts directly exposed to natural fallout contain the greatest activities. A similar observation was reported by Berger, Erhardth and Francis (1965) . The results of the present study clearly support these earlier "ndings.
It is interesting to note that the moss species Pterobryopsis tumida (Hook.) Dix. shows a signi"cantly higher level of Po activity. The orchid species Cymbidium aloifolium (L.) Swartz also shows a markedly higher level of Po activity when compared to tree species. These moss and orchid species grow on other trees and they depend on the host tree only for support and not for nutrients. They derive their nutrients from atmospheric moisture and dust particles. As a result of this, the Rn daughters which are attached to the dust particles are absorbed and accumulated by the moss and orchid species over a period, resulting in a higher activity level. The present results regarding the moss family Pterobryopsis tumida (Hook.) Dix. support the "ndings reported by Hasanen (1972) that moss and lichen have a strong ion exchange capacity and are able to hold, in addition to nutrients, the nuclides that are transported through rain water and moisture. Many authors have reported higher levels of Po in moss and lichen (Kljaic, Milosevic, Horsic & Bauman, 1982; Holm, Samulsson & Persson, 1982; Dean, Chiv, Neame & Bland, 1982; Schuttelkopf & Kiefer, 1982) . Svensson and Liden (1965) suggested the use of moss and lichen as a natural integrating fallout meter. The results of the present study con"rm the earlier "ndings and the moss species Pterobryopsis tumida (Hook.) Dix. and the orchid species Cymbidium aloifolium (L.) Swartz can be used as bio-indicators in the environment of Kaiga to monitor Po activity. Table 5 presents the results of the seasonal variation studies in the vegetation. To analyse the seasonal variation, only leaf samples of the 2 predominant tree species Terminalia Paniculata Roth. and Careya arborea Roxb. were chosen. The results show a 2-fold increase in the activity from summer (May) to winter (December). The variation in Careya arborea Roxb. is more prominent. Both species have similar growth habits and shed their leaves at the end of every growing season, i.e. during the last days of winter (second or third week of January). Leaves start growing during the last days of summer (second or third week of May). The activity level was found to follow the growth of the leaves: activities increase with the age of the leaves and with increase in their surface area. The samplings in summer were done when these leaves were not fully grown and this could be the reason for the lower level of activity in summer. These results suggest that the Po content in vegetation depends on the duration of the vegetative period and also on the leaf surface area. In addition to this, a higher level of atmospheric deposition of Rn daughters, which decays to Po, in monsoon and winter may also contribute to the elevated level of Po in winter. 
Dry deposition rate of Po
In order to "nd the reason for the higher Po activity in soil and vegetation of the Kaiga region, the extent of Po deposition from atmospheric precipitation (dry deposition rates) were measured. The results show an average deposition rate of 53.4 Bq m\ yr\ in the 8 km zone of the Kaiga environs. Samples collected from the Mangalore University campus show an average deposition rate of 26.4 Bq m\ yr\. Literature values for the deposition rate of Po are 14.8 and 27.75 Bq m\ yr\ for the Harwell (England) and Leningrad (former USSR) regions, respectively (Burton & Stewart, 1960; Ermolaeva-Makovskaya, 1969) . The results obtained in the present study for Kaiga are higher than these literature values. The deposition rate at Kaiga is also higher than in the University premises. This con"rms that the source of the higher levels of Po activity observed in the environs of Kaiga is the deposition of Rn daughters through atmospheric precipitation. The higher deposition rate in the Kaiga region may be due to the special geographical terrain of the region, as discussed previously.
Conclusions
The Po activities in soil samples from the Kaiga environs are higher than in other normal background regions. Depth pro"le studies show a decreasing trend in activity level as the soil depth increases up to 20 cm remaining constant thereafter. Po contents in the three grain sizes, viz. 350}250, 250}177 and below 177 m, are almost uniform.
The Po content in plant leaf depends on leaf surface area and also on the vegetative period. Activity shows an increasing trend with increasing age of the leaf. Po activity in the plant bark and branches remains almost the same irrespective of the plant species. Moss species Pterobryopsis tumida (Hook.) Dix. show very high levels of Po activity. Orchid species also show a markedly high activity when compared to tree species. Therefore these two natural species could be used as bio-indicators in the environment of Kaiga for monitoring the Po activity.
Dry deposition rate measurements show higher levels of Po fallout through atmospheric deposition in the Kaiga region. The observed elevated levels of Po in the Kaiga environs may therefore be traced to the atmospheric precipitation of Rn daughters.
